Purpose: The adoptive transfer of T cells modified to express a chimeric antigen receptor (CAR) comprised of an extracellular single-chain antibody (scFV) fragment specific for a tumor cell surface molecule, and linked to an intracellular signaling module, has activity in advanced malignancies. The receptor tyrosine kinase-like orphan receptor 1 (ROR1) is a tumor-associated molecule expressed in prevalent B-lymphoid and epithelial cancers and is absent on normal mature B cells and vital tissues, making it a candidate for CAR T-cell therapy.
Introduction
The adoptive transfer of genetically modified T cells that express a T-cell receptor or a chimeric antigen receptor (CAR) specific for a tumor-associated antigen is emerging as an effective modality for cancer therapy (1) (2) (3) (4) (5) . CARs are synthetic receptors most often constructed by linking a single-chain variable fragment (scFV) of a monoclonal antibody (mAb) specific for a tumor cell surface molecule to a transmembrane domain, one or more intracellular costimulatory signaling modules, and CD3z (6) (7) (8) . CARmodified T cells confer non-MHC-restricted recognition of tumor cells, and durable responses have been reported in patients with B-cell malignancies after treatment with autologous T cells modified with CARs specific for the B-cell lineage-restricted CD19 molecule. The major toxicities in these patients were related to tumor lysis, cytokine release, and prolonged depletion of normal B lymphocytes (1-3, 5, 9) . A challenge in the field is to identify and validate receptor constructs specific for molecules that are expressed on a greater number of malignancies including common epithelial tumors, and that are restricted in their expression to malignant and not normal cells.
We have been investigating the receptor tyrosine kinaselike orphan receptor 1 (ROR1) as a candidate for immunotherapy with CAR-modified T cells. ROR1 is a 120-kDa glycoprotein containing extracellular immunoglobulin (Ig)-like, Kringle, and Frizzled domains. ROR1 is expressed during embryogenesis but absent from normal adult tissues, apart from a subset of immature B-cell precursors, and lowlevel expression on adipocytes (10, 11) . ROR1 was first shown to be expressed in B-cell chronic lymphocytic leukemia (B-CLL) by transcriptional profiling (12, 13) and was subsequently identified on the surface of many cancers including mantle cell lymphoma (MCL), acute lymphoblastic leukemia (ALL) with a t(1;19) chromosome translocation, and a subset of lung, breast, colon, pancreas, renal, and ovarian cancers (14) (15) (16) (17) (18) (19) (20) (21) . In both lung adenocarcinoma and t(1;19) ALL, ROR1 cooperates in oncogenic signaling, and knockdown of ROR1 with siRNA exposed a critical role for this molecule in maintaining tumor cell survival (15, 18, 22, 23) . Thus, ROR1 loss may not be readily tolerated by tumors making it an attractive candidate for CAR directed T-cell therapy that could be broadly applied.
We previously described the construction of a ROR1-CAR from the 2A2 mAb that targets a membrane distal epitope in the Ig-like/Frizzled region of ROR1 and showed that T cells could be redirected by lentiviral delivery to recognize primary CLL and hematopoietic tumor lines transfected with ROR1 (10) . Here, we developed a panel of distinct ROR1-CARs that target the same region of ROR1 but contain modified extracellular spacer domains and differ in scFV affinity. We show that tailoring the extracellular spacer region and deriving the ROR1-CAR from a scFV with higher affinity improves recognition of hematopoietic tumors in vitro, and that an optimized ROR1-CAR is equivalently effective as a CD19-CAR in an immunodeficient mouse model of human MCL. The higher affinity ROR1-CAR with an optimized spacer domain also confers efficient recognition of epithelial cancer cell lines that express ROR1, suggesting the potential to apply adoptive therapy with ROR1-CAR T cells for several human malignancies.
Materials and Methods

Human subjects
Peripheral blood mononuclear cells (PBMC) were obtained from healthy donors and patients after written informed consent on research protocols approved by the Institutional Review Board of the Fred Hutchinson Cancer Research Center (FHCRC, Seattle, WA).
Cell lines
The K562, Raji, JeKo-1, MDA-MB-231, MDA-MB-468, and 293T cell lines were obtained from the American Type Culture Collection. Dr. Edus H. Warren (FHCRC) kindly provided the renal cell cancer lines FARP, TREP, and RWL. K562/ROR1 and Raji/ROR1 were generated by lentiviral transduction with the full-length ROR1-gene. JeKo-1/ffluc were derived by lentiviral transduction with the firefly luciferase (ffluc) gene.
Immunophenotyping
Immunophenotyping was conducted with conjugated mAbs: CD3, CD4, CD5, CD8, CD19, CD28, CD45RO, CD62L, CD314 (NKG2D), MICA/B, and matched isotype controls (BD Biosciences). Propidium iodide (PI) staining was conducted for live/dead cell discrimination. Cell surface expression of ROR1 was analyzed using a polyclonal goat anti-human-ROR1 antibody (R&D Systems; ref. 10) . Surface expression of 2A2 ROR1-CARs was analyzed using a polyclonal goat anti-mouse-IgG antibody [F(ab)-specific; Jackson ImmunoResearch]. Flow analyses were done on a FACSCanto, sort-purifications on a FACSAriaII (Becton Dickinson), and data analyzed using FlowJo software (Treestar).
Vector construction and preparation of CAR-encoding lentivirus ROR1-and CD19-specific CARs were constructed using VL and VH segments of the 2A2 and R12 (ROR1; refs. 24, 25) , and FMC63 mAbs (CD19; ref. 26) . Each scFV was linked by a (G 4 S) 3 peptide to a spacer domain derived from IgG4-Fc (Uniprot Database: P01861) comprising either "Hinge-CH2-CH3" (229 AA), "Hinge-CH3" (119 AA), or "Hinge-only" (12 AA) sequences. All spacers contained a S!P substitution within the "Hinge" domain located at position 108 of the native IgG4-Fc protein and were linked to the 27 AA transmembrane domain of human CD28 (Uniprot: P10747) and to a signaling module comprising either (i) the 41 AA cytoplasmic domain of human CD28 with an LL!GG substitution located at positions 186 to 187 of the native CD28 protein (27) , or (ii) the 42 AA cytoplasmic domain of human 4-1BB (Uniprot: Q07011), each of which was linked to the 112 AA cytoplasmic domain of isoform 3 of human CD3z (Uniprot: P20963). The construct encoded a T2A ribosomal skip element (28) and a truncated EGF receptor (tEGFR) sequence downstream of the CAR (29) . Codon-optimized nucleotide sequences
Translational Relevance
Clinical trials of adoptive immunotherapy using T cells modified to express CD19-specific chimeric antigen receptors (CAR) have demonstrated the potential to induce durable remissions of advanced B-cell tumors and have encouraged efforts to extend therapeutic applications of CAR T cells to alternative tumor antigens expressed on other malignancies. The receptor tyrosine kinase-like orphan receptor 1 (ROR1) is expressed uniformly on B-cell chronic lymphocytic leukemia (B-CLL), mantle cell lymphoma (MCL), and t(1;19) acute lymphoblastic leukemia (ALL) but not on normal B cells, making it an attractive alternative target to CD19 on B-cell tumors. Moreover, ROR1 is expressed on solid tumors including subsets of breast, lung, colon, and renal cell cancer. Here, we sought to optimize ROR1-specific CARs to enhance recognition of ROR1 þ tumor cells in vitro and in vivo. We show that ROR1-CARs designed for optimal tumor recognition and T-cell signaling exert potent antitumor effects against a broad range of malignancies, illustrating the potential to exploit ROR1 expression on human tumors as a target for adoptive therapy.
encoding each transgene were synthesized (Life Technologies) and cloned into the epHIV7 lentiviral vector (29, 30) . ROR1-CAR, CD19-CAR, or tEGFR-encoding lentiviruses were produced in 293T cells using the packaging vectors pCHGP-2, pCMV-Rev2, and pCMV-G.
Generation of T-cell lines expressing ROR1 and CD19-CARs
or bulk CD4 þ T cells were sorted from PBMC of normal donors, activated with anti-CD3/CD28 beads (Life Technologies), and transduced on day 3 after activation by centrifugation at 800 Â g for 45 minutes at 32 C with lentiviral supernatant [multiplicity of infection (MOI) ¼ 3] supplemented with 1 mg/mL polybrene (Millipore). T cells were expanded in RPMI with 10% human serum, 2 mmol/L L-glutamine, and 1% penicillin-streptomycin (CTL medium), supplemented with recombinant human interleukin 2 (IL)-2 to a final concentration of 50 U/mL. The tEGFR þ subset of each T-cell line was enriched by immunomagnetic selection with biotin-conjugated anti-EGFR mAb (ImClone Systems) and streptavidin-beads (Miltenyi). ROR1-CAR and tEGFR control T cells were expanded using a rapid expansion protocol (31) , and CD19-CAR T cells were expanded by stimulation with irradiated (8,000 rad) B-lymphoblastoid cell lines (B-LCL) at a T-cell:LCL ratio of 1:7. T cells were cultured in CTL medium with 50 U/mL IL-2.
Cytotoxicity, cytokine secretion, and proliferation assays Cytotoxicity. Target cells were labeled with 51 Cr (PerkinElmer), washed, and incubated in triplicate at 1 to 2 Â 10 3 cells per well with effector T cells at various effector to target (E:T) ratios. Supernatants were harvested for g-counting after a 4-hour incubation and specific lysis calculated using the standard formula.
Cytokine secretion. A total of 5 Â 10 4 T cells were plated in triplicate with target cells at an E:T ratio of 1:1 (primary CLL), 2:1 (Raji/ROR1; JeKo-1), 4:1 (K562/ ROR1, K562/CD19, and K562), or 10:1 (MDA-MB-231), and IFN-g, TNF-a, and IL-2 measured by ELISA or multiplex cytokine immunoassay (Luminex) in supernatant removed after 24-hour incubation. In experiments blocking NKG2D signaling, anti-NKG2D (clone 1D11), anti-MICA/B (clone 6D4, all from BD), and anti-ULBP (kindly provided by Dr. Veronika Groh, FHCRC) were used at saturating concentrations.
Proliferation. T cells were labeled with 0.2 mmol/L carboxyfluorescein succinimidyl ester (CFSE; Invitrogen), washed, and plated in triplicate with stimulator cells in medium without exogenous cytokines. After 72-hour incubation, cells were labeled with anti-CD8 mAb and PI, and analyzed by flow cytometry to assess cell division of live CD8 þ T cells. For bioluminescence imaging of tumor growth, mice received intraperitoneal injections of luciferin substrate (Caliper Life Sciences) resuspended in PBS (15 mg/g body weight). Mice were anesthetized with isoflurane and imaged using an Xenogen IVIS Imaging System (Caliper) 10, 12, and 14 minutes after luciferin injection in small binning mode at an acquisition time of 1 second to 1 minute to obtain unsaturated images. Luciferase activity was analyzed using Living Image Software (Caliper) and the photon flux analyzed within regions of interest that encompassed the entire body or the thorax of each individual mouse.
Statistical analyses
Statistical analyses were conducted using Prism Software (GraphPad). Student t test was conducted as a two-sided paired test with a confidence interval of 95% and results with a P value less than 0.05 were considered significant. Statistical analyses of survival were conducted by log-rank testing and results with a P value less than 0.05 were considered significant.
Results
Truncating the spacer domain of the 2A2 ROR1-CAR confers superior recognition of ROR1 þ tumors
We previously reported the design of a ROR1-specific CAR using the 2A2 scFV, which binds to an epitope in the NH 2 -terminal, membrane-distal Ig-like/Frizzled portion of ROR1 (10, 24) . The initial 2A2 ROR1-CAR had a long 229 AA spacer that consisted of the "Hinge-CH2-CH3" region of IgG4-Fc, and incorporated CD28 costimulatory and CD3z signaling domains. This CAR conferred specific recognition of ROR1 þ tumors, but we hypothesized that because of the membrane-distal location of the ROR1 epitope, truncating the spacer domain might enhance tumor recognition and Tcell signaling. Therefore, we constructed 2 additional receptors in which the IgG4-Fc spacer domain was sequentially deleted to derive "Hinge-CH3" (119 AA, intermediate) and "Hinge-only" (12 AA, short) variants. Each of the new receptors contained the identical 2A2 scFV, and CD28 and CD3z signaling modules ( Supplementary Fig. S1A ). The transgene cassette included a tEGFR to serve as a transduction, selection, and in vivo tracking marker for CAR-modified T cells (29) . We transduced purified CD8 þ T CM with the 2A2 ROR1-CARs containing full length or truncated IgG4-Fc spacers and with a tEGFR control vector. The mean transduction efficiency was 15% (range, 9%-22%), and transgene-positive T cells were enriched to uniform purity (>90%) on day 10 by selection for tEGFR expression, and expanded > intermediate >> long) of tumor lysis was clearly evident against all ROR1 þ tumor targets (Fig. 1B) .
Antitumor efficacy of adoptive T-cell therapy correlates with proliferation and survival of transferred T cells, which could be altered by signaling through the CAR. We used CFSE dilution assays to analyze proliferation of T cells modified with each of the 2A2 ROR1-CARs after engagement of Raji/ROR1 or CLL, and found that the short spacer construct promoted the greatest T-cell proliferation following stimulation (Fig. 1C) . To ensure that the enhanced proliferation was not associated with greater activationinduced cell death (AICD), we also analyzed the proportion of T cells that stained with PI after stimulation with Raji/ ROR1 and JeKo-1 tumor cells. We detected a much lower frequency of PI þ CD8 þ T cells in the 2A2 ROR1-CAR T-cell line modified with the short (Raji/ROR1: 17.2%/JeKo-1: 20.2%) compared with the intermediate (41.6%/42.4%) and long (44.5%/48.5%) spacers. Quantitative analysis of cytokine production in response to stimulation with Raji/ ROR1 and primary CLL cells showed production of IFN-g, TNF-a, and IL-2 by T cells expressing each of the 2A2 ROR1-CARs. As observed in cytotoxicity assays, the short spacer construct was superior in mediating cytokine secretion after tumor recognition (Fig. 1D) . Thus, this analysis shows that truncating the extracellular IgG4-Fc spacer domain of the 2A2 ROR1-CAR leads to a significant increase in cytotoxicity, proliferation, and in vitro effector functions after tumor recognition.
ROR1-CARs derived from a mAb R12 with higher affinity than 2A2 mediate superior antitumor reactivity We next examined whether increasing the affinity of the scFV used to construct the ROR1-CAR might influence tumor recognition and T-cell function. We generated ROR1-specific CARs from the mAb R12 that like 2A2, binds to an epitope in the NH 2 -terminal Ig-like/Frizzled domain of ROR1 but with more than 50-fold higher monovalentbinding affinity (24, 25) . R12 ROR1-CARs were constructed with both long and short IgG4-Fc spacers to determine whether the optimal spacer design for this higher affinity scFV differed from that for a lower affinity scFV. We found that similar to 2A2, the short spacer R12 ROR1-CAR conferred improved cytolytic activity, cytokine secretion, and proliferation (data not shown), suggesting that the shorter spacer length provides superior spatial engagement of the Tcell and ROR1 þ target cell for T-cell activation.
We then designed R12 and 2A2 ROR1-CARs that contained an optimal (short) extracellular spacer, and either a CD28 or 4-1BB costimulatory domain in tandem with CD3z (4 constructs) for comparison ( Supplementary Fig.  S1B ). These ROR1-CAR constructs were expressed in purified CD8
þ T CM of healthy donors, and we confirmed equivalent transgene expression by tEGFR staining (Fig. 2A) . T cells modified with each of the 2A2 and R12 ROR1-CARs specifically lysed K562/ROR1 and Raji/ROR1 tumor cells with approximately equivalent efficiency (Fig. 2B) . However, analysis of cytokine production showed that the highaffinity R12 ROR1-CARs that contained CD28 or 4-1BB conferred significantly higher IFN-g, TNF-a, and IL-2 production compared with the corresponding 2A2 constructs (Fig. 2C) . Consistent with previous work, we found that T cells expressing CARs with a CD28 costimulatory domain produced more IFN-g, TNF-a, and IL-2 compared with those with 4-1BB (32) (33) (34) . Experiments to analyze the proliferation of ROR1-CAR T cells showed a higher percentage of proliferating T cells and a higher number of cell divisions in T cells expressing the high-affinity R12 ROR1-CARs with CD28 and 4-1BB domain compared with T cells expressing the respective 2A2 counterparts (Fig. 2D) . There was more vigorous proliferation in T cells that expressed CARs with a CD28 domain, consistent with higher IL-2 production induced by these receptors. Fig. S2A and S2B ). Both cytokine production and proliferation was superior in CD4 þ compared with CD8 þ T cells modified with the same ROR1-CARs. In summary, our data show that tailoring both the length of the nonsignaling extracellular CAR spacer domain and scFV affinity are independent parameters that affect the function of ROR1-CAR T cells.
CD8
þ T cells modified with a high-affinity ROR1-CAR have comparable activity with a CD19-CAR against primary CLL in vitro ROR1 and CD19 are both uniformly expressed in all primary CLL (Fig. 3A) , however, the absolute number of ROR1-molecules per tumor cell is estimated to be 10-fold lower than that of CD19, which has been successfully targeted in clinical trials with CD19-CAR T cells (1, 5, 10, 14) . We compared recognition of primary CLL by CD8 þ T cells expressing the optimized R12 and 2A2 ROR1-CARs, and a CD19-CAR derived from the FMC63 scFV (1-3, 5, 35). We used purified CD8 þ T CM for CAR-modification to provide a uniform cell product and each CAR contained a short IgG4-Fc "Hinge-only" spacer and 4-1BB costimulatory domain. We confirmed our CD19-CAR (IgG4-Fc Hinge spacer) was at least equivalently effective in recognizing CD19 þ tumors as a CD19-CAR with CD8a Hinge spacer and 4-1BB costimulatory domain that is being used in ongoing clinical trials (Supplementary Fig. S3A-S3C ; refs. 1, 5). The cytolytic activity of R12 ROR1-CAR T cells against primary tumor cells from patients with multiple CLL (n ¼ 4) was higher as compared with T cells modified with the lower affinity 2A2 ROR1-CAR and equivalent to the lysis observed with CD19-CAR T cells (Fig. 3B) . Multiplex cytokine analysis showed nearly equivalent production of IFN-g and TNF-a, but less IL-2 production by CD8 þ T cells expressing the R12 ROR1 compared with those expressing the CD19-CAR after coculture with primary CLL (Fig. 3C) . 2A2 ROR1-CAR T cells produced lower amounts of all cytokines than R12 ROR1-CAR T cells as noted previously. Cytokine production by all of the CAR-transduced T cells after stimulation with CLL was substantially less than with Raji/ROR1, which unlike CLL expresses both CD80 and CD86 that can engage CD28 expressed on CAR T cells (Fig. 3A and C) .
We observed less proliferation of T cells expressing the R12 and 2A2 ROR1-CAR compared with the CD19-CAR after stimulation with CLL (CD19>R12>2A2; Fig. 3D ). We hypothesized that proliferation of CD8 S2A and S4A). To test this possibility, we carried out in vitro coculture experiments where CD4 þ and CD8 T CM were separately modified with the R12 ROR1, 2A2 ROR1, and CD19-CARs, respectively, enriched for CAR expression, and combined at a 1:1 ratio to ensure equivalent proportions of CD8 þ and CD4 þ T cells modified with each of the vectors.
These cells were CFSE-labeled and stimulated with primary CLL. We observed a dramatic increase in proliferation of CD8 þ R12 ROR1-CAR T cells after addition of CAR-transduced, but not untransduced CD4 þ T cells ( Supplementary   Fig. S4B ). Notably, when provided with CD4-help, we observed equivalent proliferation of R12 ROR1 and CD19-CAR CD8 þ T cells in response to CLL, whereas proliferation of CD8 þ T cells expressing the lower affinity 2A2 ROR1-CAR remained less. Collectively, our data show that the high-affinity R12 ROR1-CAR confers superior reactivity compared with 2A2 against primary CLL cells in vitro.
ROR1-CAR T cells mediate in vivo antitumor activity in a mouse model of systemic mantle cell lymphoma
It remained uncertain whether the superior in vitro activity of T cells modified with the higher affinity R12 CAR would translate into improved antitumor activity in vivo, and how targeting ROR1 would compare with CD19. To address these questions, we inoculated cohorts of immunodeficient NSG mice with the human MCL line JeKo-1/ffluc by tail vein injection, and 7 days later when tumor was disseminated, treated the mice with a single intravenous dose of R12 ROR1, 2A2 ROR1, or CD19-CAR CD8 þ T cells. Control mice received tEGFR T cells or were left untreated. All CARs had the optimal short spacer and the 4-1BB costimulatory domain. Untreated NSG/JeKo-1 mice developed a rapidly progressive systemic lymphoma necessitating euthanasia approximately 4 weeks after tumor inoculation (Fig. 4A-C) . We observed tumor regression and improved survival in all mice treated with R12 ROR1, 2A2 ROR1, and CD19-CAR T cells. Mice treated with R12 ROR1-CAR T cells had a superior antitumor response and survival compared with mice treated with 2A2 ROR1-CAR T cells (P < 0.01), and comparable antitumor activity to mice treated with CD19-CAR T cells (Fig. 4A-C) . We analyzed the frequency of CAR T cells in the peripheral blood following adoptive transfer and detected higher numbers of tEGFR þ T cells in mice treated with the R12 CAR compared with the 2A2 ROR1-CAR, suggesting more vigorous proliferation in vivo improved tumor control. To confirm this, we administered CFSE-labeled CD19-CAR, R12, and 2A2 ROR1-CAR T cells to cohorts of NSG mice bearing JeKo-1/ffluc, and analyzed T-cell proliferation in the peripheral blood, bone marrow, and spleen 72 hours after transfer. A higher percentage of the R12 and CD19-CAR T cells proliferated and underwent a greater number of cell divisions compared with 2A2 ROR1-CAR T cells (Fig. 4D) . The JeKo-1 tumor eventually recurred in all mice treated with ROR1 or CD19-CAR T cells (Fig. 4A-C) . Tumor recurrence was not a result of the selection of ROR1 or CD19 loss variants, as recurrent tumors were positive for both molecules. For comparison, we analyzed antitumor efficacy of CD19-CAR T cells in NSG mice engrafted with ROR1 À Raji tumors and observed complete tumor eradication, indicating the recurrence of JeKo-1 reflects difficulty eradicating this tumor (data not shown). In summary, these data are the first to show that ROR1-CAR T cells have antitumor efficacy in vivo, and suggest that for B-cell malignancies, an optimized ROR1-CAR such as R12 may be effective and spare normal CD19 þ B cells that lack ROR1 expression (10, 14) .
T cells expressing the R12 ROR1-CAR have superior reactivity compared with 2A2 against ROR1 þ epithelial tumor cells ROR1 has been detected in many epithelial tumors, although it is unknown whether ROR1 expression is sufficient for recognition by ROR1-CAR T cells (18) (19) (20) . Using flow cytometry, we confirmed ROR1 expression on the breast cancer lines MDA-MB-231 and 468 and on the renal cell carcinoma lines FARP, TREP, and RWL ( Supplementary Fig.  S5A ). We then analyzed tumor recognition by CD8 þ T cells transduced with the R12 ROR1-CARs with the optimal short spacer and 4-1BB domain, and observed efficient recognition of MDA-MB-231, MDA-MB-468, FARP, TREP, and RWL (Fig.  5A ). We analyzed cytokine secretion and proliferation of T cells modified with the R12 and 2A2 ROR1-CARs after coculture with MDA-MB-231 and observed greater cytokine production and proliferation with the R12 ROR1-CAR ( Fig.  5B and C) . Similar to what we observed with ROR1 þ B-cell malignancies, the superior activation of R12 ROR1-CAR T cells after stimulation with MDA-MB-231 was not associated with increased AICD (R12: 9.8% vs. 2A2: 10.9%). Surprisingly, the difference in cytokine secretion between 2A2 and R12 CAR T cells in response to ROR1 þ epithelial tumor cells was less than that observed with ROR1 þ lymphoma. Because both targets lack CD80 and CD86, this suggested MDA-MB-231 might express alternative costimulatory ligands that augment the function of CAR T cells. Many epithelial tumors including MDA-MB-231 express multiple NKG2D ligands (36) , and we confirmed a high level of expression of MICA/B on MDA-MB-231 but not on Raji/ROR1 ( Supplementary Fig. S5B ). The addition of a cocktail of mAbs specific for NKG2D ligands but not matched isotype control mAbs to cocultures of MDA-MB-231 and ROR1-CAR T cells resulted in a marked reduction of IL-2 secretion consistent with costimulation being provided through the NKG2D pathway (Fig. 5D ). Taken together, our data show for the first time that ROR1 þ epithelial tumors can be targeted with ROR1-CAR T cells and suggest that expression of NGK2D ligands on epithelial cancer cells may have a favorable effect on CAR T-cell functions.
Discussion
ROR1 has attracted interest as a potential target for cancer immunotherapy due to its expression on the surface of many B-lymphoid and epithelial cancers, including subsets of lung, colorectal, and renal cell cancer (10, 14, 15, (18) (19) (20) (21) . We previously showed that CLL and MCL were specifically recognized by T cells modified to express a ROR1-specific CAR (10) . Here, we extend this work by improving the design and function of ROR1-CARs through modification of the extracellular spacer domain and deriving the CAR from an scFV of higher affinity, and show that T cells modified with optimally designed ROR1-CARs have in vivo activity against ROR1 þ B-cell lymphoma and in vitro activity against a wide range of epithelial tumors. Efforts to improve the functions of CARs have typically focused on the intracellular signaling domain. A consensus has emerged, based primarily on in vitro data, that second generation CARs that provide costimulation through CD28 or 4-1BB are superior to CARs that contain only CD3z as a signaling moiety, and that including both CD28 and 4-1BB in tandem may provide an additional benefit for some CARs (32-35, 37, 38) . A previous study also showed that the distance of the target epitope from the cell membrane is an important parameter for CD22-specific CARs, and a long spacer improved tumor recognition by 5T4-and NCAMspecific CARs that recognize membrane proximal epitopes, putatively because the spacer provided flexibility required for efficient target binding (39, 40) . These studies suggested the need to tailor the extracellular spacer domain for different target molecules. We compared the function of T cells modified with ROR1-CARs derived from the 2A2 mAb that contained either the original long IgG4-Fc "Hinge-CH2-CH3" spacer that we have shown enables high level cell surface expression (10, 41), or truncated intermediate "Hinge-CH3" and short "Hinge-only" spacer variants. We preserved the 12 AA Hinge domain in our short spacer construct based on prior data that a flexible spacer was required for separating the scFV from the T-cell membrane and allowing antigen recognition on tumor cells (42) . Our studies with the 2A2 ROR1-CAR show that T-cell cytokine secretion and proliferation after tumor cell recognition are superior with the intermediate and short spacer constructs compared with the long spacer construct. Staining with anti-F(ab) Abs showed equivalent CAR expression of all 3 receptors, showing the improved T-cell function with the short spacer CAR was not due to differences in CAR density. These data are consistent with prior studies that spatial requirements are important for the interaction between CAR T cells and tumor cells, and reaffirm the principle that the design of extracellular spacers should be tailored for each target molecule and epitope.
The affinity of the scFV selected for designing a CAR is an additional parameter that could affect T-cell recognition. We previously generated and characterized a panel of ROR1-specific mAbs of different affinities and selected the R12 mAb, which recognizes an epitope in the Ig-like/ Frizzled region as 2A2. R12 has a higher affinity for ROR1-protein due to a much slower dissociation (24, 25) . The R12 CAR, like the 2A2 CAR conferred optimal T-cell recognition and function when designed with a short extracellular spacer. A direct comparison of proliferation and cytokine production after tumor engagement by T cells modified with the 2A2 and R12 CARs showed that the R12 CAR derived from the higher affinity mAb was superior. We were concerned that the slower dissociation of R12 from ROR1 could prolong T-cell activation and confer an increased susceptibility to AICD. However, we detected a lower rate of AICD in T cells modified with the R12 ROR1-CAR compared with 2A2, showing that the increased affinity of R12 had no detrimental effect on Tcell survival in our preclinical models. It is conceivable that when T cells are administered to patients, factors such as tumor burden and infusion into a lymphodepleted environment may influence the susceptibility of CAR T cells to AICD, reinforcing the need to monitor the fate of CAR T cells in clinical trials. It is uncertain if CARs with higher affinity than R12 would be superior as it is presumed there will be a threshold for CAR affinity beyond which T cells may undergo AICD. We are attempting to derive higher and lower affinity variants of R12 by mutating the CDR3 region to address this.
ROR1 has a potential advantage over CD19 as a target for CLL and MCL as it is not expressed in normal mature na€ ve and memory B cells. However, there is a lower number of ROR1 molecules on B-cell tumors compared with CD19 and it is uncertain if an optimized ROR1-CAR would be as effective as a CD19-CAR similar in design to those being used in the clinic (1-3, 5, 14) . Unfortunately, B-cell tumor xenograft models used previously in NSG mice to evaluate the function of CD19-CAR T cells including Raji, Daudi, and Nalm-6, are not derived from CLL or MCL and do not constitutively express ROR1. Thus, to compare targeting CD19 and ROR1 in vivo, we used the JeKo-1 MCL cell line, which naturally expresses both CD19 and ROR1 and engrafts in NSG mice. To make our model clinically relevant, we inoculated JeKo-1 lymphoma cells intravenously to generate systemic tumors, and treated mice with T-cell products of uniform consistency once tumors were established. We found that T cells expressing the high-affinity R12 CAR conferred equivalent antitumor activity in vivo as CD19-CAR T cells. Consistent with our in vitro analysis, the R12 ROR1-CAR also mediated superior activity in vivo compared with the optimal 2A2 ROR1-CAR. These results should be interpreted cautiously as murine tumor models may not predict the efficacy of adoptive therapy in clinical settings. However, the results suggest that ROR1 warrants consideration as an alternative to CD19, or to provide an additional target to minimize the potential for CD19 loss variants to emerge.
ROR1 seems to play a decisive role in survival of some epithelial tumors (18, 22) . Thus, an advantage of targeting ROR1 is that a single CAR may be useful to treat patients with a large number of hematopoietic and nonhematopoietic tumors. Our data show for the first time that T cells that express an optimally designed ROR1-CAR efficiently recognize epithelial cancers in vitro. Cytokine secretion and T-cell proliferation induced by ROR1 þ breast cancer cells were higher than that induced by leukemia cells, despite the absence of the CD80/86 costimulatory ligand. This at least in part reflects the expression of NKG2D ligands on epithelial tumor cell lines that can engage NKG2D and costimulate CAR T cells (36) . Whether these ligands will serve to costimulate CAR T cells in vivo or inhibit recognition as reported for tumor infiltrating lymphocytes will require careful analysis in clinical trials (43) . The studies reported here show that the design of the extracellular spacer domain and CAR affinity are parameters that can be modulated to enhance the recognition of ROR1 þ hematologic and epithelial tumors in vitro and in vivo by ROR1-CAR modified T cells. The development of ROR1-CARs with enhanced tumor reactivity provides the opportunity for clinical applications in a variety of human cancers. On-target toxicities have been observed in clinical trials with CAR T cells specific for antigens that are shared on some normal cells (9, 44) , and a critical issue to be addressed is whether targeting ROR1 will be safe. We have shown previously that ROR1 is absent in all vital organs, but detected a low level of expression in adipose tissues, pancreas, and a subset of immature B cells, illustrating the potential for toxicity to normal cells (10) . The development of higher affinity ROR1-CARs with greater antitumor activity could theoretically increase the risk of on-target toxicity and mandates careful safety studies in a relevant model. We have designed ROR1-CARs that bind to the murine and non-human primate isoforms of ROR1, and toxicity studies are ongoing in our laboratory to inform the potential to translate ROR1-specific T-cell therapy to patients with cancer.
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